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Abstract-A voltage scaling technique for energy-efficient operation requires an adaptive power-supply regulator to significantly reduce dynamic power consumption in synchronous digital circuits. A digitally controlled power converter that dynamically tracks circuit performance with a ring oscillator and regulates the supply voltage to the minimum required to operate at a desired frequency is presented. This paper investigates the issues involved in designing a fully digital power converter and describes a design fabricated in a MOSIS 0.8-m process. A variable-frequency digital controller design takes advantage of the power savings available through adaptive supply-voltage scaling and demonstrates converter efficiency greater than 90% over a dynamic range of regulated voltage levels.
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I. INTRODUCTION

R
EDUCING power dissipation in digital integrated circuits is a key design constraint, and proliferation of batteryoperated, portable applications further emphasizes the need to reduce power consumption [1] - [4] . Power dissipation in synchronous digital circuits is dominated by dynamic power, so reducing the clock frequency of a synchronous digital circuit proportionally reduces the power, as shown by the dotted line in Fig. 1 . Simply lowering frequency linearly reduces power but does not affect the energy consumed per cycle of operation. Since the delay of digital circuits is nominally related to the inverse of voltage, significant power and energy savings are possible if the supply voltage were to scale down with frequency [5] . The solid curve in Fig. 1 illustrates this optimal potential for reducing energy consumption. Adaptively regulating the supply voltage realizes this potential savings without sacrificing peak performance. This technique requires a feedback loop and supply-voltage regulator to dynamically set the supply voltage to the minimum required for any desired frequency of operation. This paper discusses a fully digital implementation of such an adaptive power-supply regulator.
For a digital system to operate with high energy efficiency and achieve the power savings discussed, three components are required: a mechanism for dynamically predicting circuit performance with respect to supply voltage and other operating condition variations, a control loop to adaptively regulate Manuscript received February 16, 1998 ; revised August 20, 1998 . This work was supported by the Advanced Research Project Agency under Contract J-FBI- .
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Publisher Item Identifier S 0018-9200(99)02430-0. voltage, and an efficient power converter. The following section investigates how well the critical path of digital circuits tracks the delay of a simple inverter, which is used as an indicator of circuit performance. Then, we discuss efficient power-regulator design and explore control-loop issues in adaptively scaling supply voltage. Section IV describes a fully digital implementation of an adaptive supply-regulator controller, and Section V analyzes measured results from fabricated test chips. Measured data show that a digitally controlled adaptive supply regulator holds promise for lowpower applications that require energy-efficient operation.
II. DELAY MATCHING
To dynamically measure digital circuit performance, a number of researchers have proposed using an inverter-based delay chain or ring oscillator to model the critical path of a circuit [5] - [8] . In digital CMOS circuits, the basic unit circuit element is an inverter. A fanout-of-4 (FO4) inverter, which uses an optimal fanout ratio to minimize delay for driving large loads [9] , can be the basis for measuring the delay of various circuits. Simulated delays of various logic circuit elements and of a 64-bit adder's self-bypass path, presented in FO4 inverter delays, are plotted against voltage and temperature variations in Figs. 2 and 3 , respectively. These plots reveal that basic static and dynamic digital circuits track well with the delay of an FO4 inverter. Therefore, the oscillation frequency of an FO4 inverter-based ring oscillator should accurately track the delay of the load circuit. Notice, however, that for this application, the oscillator frequency need not exactly match the desired frequency of operation. The critical path delay 0018-9200/99$10.00 © 1999 IEEE must simply be proportional to the delay through the ring. A gain factor can tune the output frequency to the frequency desired, and this factor can include enough overhead to account for any mismatches over temperature and voltage that may exist.
By fabricating the ring oscillator on the same die as the circuit it is intended to model, oscillator delay closely tracks the chip's critical path across process, temperature, and voltage variations. In the case of some memory circuits, dummy cell and delay paths, which are used for self-timing, may also be used to predict performance [10] . Examples of using tracking cells that replicate the gates, wires, and loading to construct local-clock generators have also been demonstrated in [7] and [8] . Although a replica of the functional unit's critical path most accurately models its delay, an exact match of the delay can be cumbersome and is not necessary. Rather, a mechanism for tracking delay variation with operating conditions is all that is required.
The principles of an adaptive voltage regulation technique were first demonstrated with a phase-locked loop (PLL) structure as described in [6] . A ring oscillator modeled the critical path delay. Since a linear regulator was used, a simple loop filter was sufficient for a stable configuration. Furthermore, since linear voltage regulation principally operates in the analog voltage domain, the loop utilized predominantly analog circuit components. While this chip successfully demonstrated a voltage-reduction technique for energy-efficient operation, overall efficiency for this type of implementation was limited by the poor converter efficiency of linear regulators and the static power invariably consumed by the analog circuits. Therefore, other power-conversion techniques must be investigated in order to achieve higher overall conversion efficiency.
III. POWER-REGULATOR DESIGN
Design of efficient power converters has been investigated by many researchers, and various methods for energyefficient operation have been introduced [11] , [12] . Conventional power-supply design concentrates on minimizing losses in order to efficiently deliver a fixed voltage over a wide range of load conditions. Furthermore, feedback loops are mainly employed to minimize output transients due to sudden load changes [13] . Different from fixed voltage regulation, however, adaptive voltage regulation requires a mechanism for detecting circuit delay variations due to variations in operating conditions and also for using that information to dynamically regulate the power-supply voltage. Since an inverter-chain ring oscillator demonstrates the ability to dynamically predict circuit performance, by placing it in the negative feedback path of a control loop that controls a power converter, adaptive supply-voltage scaling is achievable. The following subsection briefly reviews the switching power-supply converter used and subsequently explores loop-control design issues.
A. Synchronous Buck Converter
An integral component of adaptive power-supply design is the mechanism used to regulate the desired supply voltage. While linear regulators have been demonstrated in adaptive supply scaling applications, poor voltage regulation efficiency was a major limitation. Switching power-supply designs, however, exhibit exceptionally good efficiencies (greater than 90%) [13] , [14] . Therefore, we employ a synchronous buck converter circuit shown in Fig. 4 for efficient power conversion. The regulated output of this type of converter is simply the average voltage of a pulse-width modulated (PWM) square wave at node . Since ideally lossless reactive circuit components (L and C) acting as a low-pass filter do the averaging, power delivered to the load is close to the power pulled from the external supply (Vdd). The cutoff frequency of the LC filter is chosen sufficiently below the switching frequency of the input pulses in order to keep the ripple on the regulated output below an acceptable level (less than 5%). Since this type of converter's performance has been thoroughly documented in [11] - [16] , the reader is referred to these references for detailed description and analysis of this and other power-converter designs.
B. Control Loop
A voltage-controlled oscillator (VCO) in the negative feedback path of a closed loop monitors variations in circuit performance and adaptively scales the regulated voltage of the buck converter via a loop controller. A block diagram of the control loop is presented in Fig. 5 . The feedback loop matches the oscillator frequency to the input reference frequency by adjusting the regulated supply voltage, the level required for the load circuit to operate at the desired frequency . The loop controller compares the frequency of the VCO with the reference. If the frequencies differ, the controller uses the detected error to appropriately adjust the input to the buck converter. The loop compensates for variations in temperature and voltage in order to guarantee proper functionality of the load circuit. Loop stability can be verified by analyzing the loop's frequency response.
A difficulty associated with designing this type of controller arises from the LC resonance of the buck converter. An openloop frequency-response analysis exhibits a resonant peak at the cutoff frequency of the LC filter. A sharp peak, quantified by the quality factor , is desirable for efficient power conversion. For simple integral control, this resonant peak must be kept below unity gain in the open-loop frequency response to ensure stability. Such a controller configuration has a low loop bandwidth and leads to slow transient response characteristics. A more complicated proportional, integral, and derivative (PID) control shown in Fig. 6 , however, provides loop stability without sacrificing bandwidth and improves the loop's transient response. The proportional and derivative control blocks introduce compensation zeros that push unity-gain crossing beyond the resonant peak and eliminate the bandwidth limitation otherwise imposed by the resonant nature of the buck converter. The open-loop frequency-domain transfer function of the overall control is as follows:
where the buck converter's transfer function (HLC) is given by the following equation:
All the resistive loss components (e.g., power transistor's "on" resistance) in series with the inductor are lumped together as , and is the effective parallel resistance of the load circuit and the nonideal resistance of the filter capacitor. A gain factor models the effect of the buck converter's external supply voltage variations on the loop's overall gain. The loop parameters are carefully designed with enough phase margin to account for the negative phase shift caused by delay through the loop, as indicated by the exponential term in (1), and a wide range of values to account for different load environments.
Since the external supply is not always a fixed value, but can vary over time in many applications, it is important to briefly comment on how affects loop dynamics. The external input voltage to the buck converter has a 1 : 1 correspondence to overall loop gain and therefore can constrain loop operation. As external supply diminishes, the loop gain can droop to a point where bandwidth falls below the converter's resonant peak and significantly slows down transient response. Frequency-response analysis in MATLAB shows the lower bound of at 0.65, 65% being the nominal external supply setting. While this lower limit constrains operating conditions, the loop can tolerate up to and beyond . To guarantee functionality, we can either require the external supply to always fall within tolerable limits or employ a detection circuit to monitor this gain factor and compensate with another gain stage incorporated into the loop.
In conventional voltage regulators, feedback loops are implemented with analog circuit blocks, which may take advantage of micropower techniques to minimize power consumption and achieve high conversion efficiency [13] , [14] . The loop described above for adaptive supply regulation could also be fully implemented in analog, but would require a frequencyto-voltage converter. Since the inputs to the controller arrive as digital signals, however, a digital implementation is possible. We decided to explore this digital approach to better understand the tradeoffs in building a fully digital controller. These design tradeoffs are described next.
IV. DIGITAL CONTROL
Since the reference and feedback signals come into the controller as variable frequency clocks, both feed into counters, and the number of transitions are counted for a fixed period of time. Since the ring oscillator used to sense variations in circuit delay generates digital pulses with varying frequency, counting the pulses out of the oscillator over a known period results in a sampled average of the oscillation frequency. The difference between the outputs of the two counters corresponds to the error difference between the reference and oscillator frequencies in digital form. Since this adaptive regulator is intended for a digital system, the controller may be integrated on the same die as the load circuit and ideally also powered off the adaptively regulated supply in order to minimize its power consumption.
This digital controller approach takes an inherently analog loop and implements a sampled-data system with fully digital components that closely mimic the functionality of the underlying analog loop. In doing so, a general approach to adaptive supply scaling is achievable. Other digital approaches used specifically for digital signal-processing (DSP) applications have also been demonstrated [17] , [18] . The digital controller described in [18] uses an open-loop approach to coarsely set the regulated voltage to discrete voltage levels optimized for the DSP core. It employs one feedback loop to adjust for variations in the operating conditions and another to dampen out the output voltage transients that result from sudden changes in performance and frequency requirements. This approach for adaptive supply-voltage scaling, however, does not provide a continuous range of regulated voltage levels and requires analog blocks to implement the damping circuit. To target general-purpose processor applications, the only assumption made on the functionality of the load circuit is that it requires a granular variable-frequency clock and operates off the adaptively regulated supply.
A block diagram of a control-loop architecture for such a general-purpose system that can regulate voltage with fine resolution and be implemented completely in digital is illustrated in Fig. 7 . A binary equivalent of the error between the reference and oscillator frequencies, , feeds into the PID control block, which in turn uses the error value to make appropriate corrections to the output. The output of the buck converter is therefore adaptively regulated to the required voltage for the load circuit to operate at the desired reference frequency. The ring oscillator in the feedback path operates off the regulated supply voltage and generates a frequency that predicts circuit performance variations due to changes in operating conditions to complete the loop. The digital implementation of the PID blocks mimics equivalent analog blocks with the following proportional, integral, and derivative (5) represents the error between the reference and oscillator frequencies. To reduce hardware complexity and power, all coefficients , , and are binary factors and are implemented with shifters. Thus, a series of shifters, adders, and latches implement each of the above equations. The sum of (3)- (5) corresponds to the binary digit equivalent of the duty cycle for the PWM square wave input to the buck converter at time step .
The system clock frequency, called , clocks the digital controller and sets the time base for the overall system. Over a period of , counters count the reference and oscillator clock pulses to generate the equivalent numeric representations of the frequency, and it is over this same period that the variable duty cycle square wave pulse into the buck converter is switched. Acting as a time base for the controller, the loop parameters of the digital PID blocks are proportional to the loop frequency. The cutoff frequency for the LC filter of the buck converter, however, is fixed independent of loop frequency. Therefore, in order to maintain a stable control loop over the dynamic range of regulated voltage levels, a fixed loop frequency is required. The most obvious approach is to use a fixed frequency controller. As we will see in the following subsection, this results in significant power overhead. Although a simple approach to reducing this overhead is to reduce the resolution and operating frequency, only proportional savings is achievable. An interesting approach that uses a variable-frequency controller is then described that requires a frequency-shifting technique in order for overhead power to track frequency and significantly improves overall power conversion efficiency.
A. Fixed-Frequency Control
An external frequency generates the loop frequency through the system counter as shown by the block diagram in Fig. 8 . The output and reference voltages are converted to equivalent 9-bit binary values by counting the pulses out of the ring oscillators over a fixed sampling period set by . A fixed external clock feeds into the synchronous counter where the highest order bit sets the loop sampling frequency and the switching frequency of the square wave input to the converter. An effective digital-to-analog (D/A) conversion is implemented by comparing the numerical value of the duty cycle, calculated by the PID block, to the output of the freerunning synchronous counter. The comparator generates a fixed-frequency square wave, and the constantly updated PID block output proportionally modulates the duty cycle of the square wave input to the buck converter.
A detailed analysis of the fixed-frequency controller's performance can be found in [15] , but results are best summarized by Fig. 9 . A decomposition of different components of power consumed as a percentage of the total power is shown. The graph illustrates that the percentage of overhead power consumption increases and conversion efficiency degrades as regulated voltage decreases. The largest component of overhead power is due to the controller. While parts of the controller operating at the slower loop frequency could be powered off the regulated voltage, components operating at a high fixed frequency (sys clk) require a fixed voltage and consume a fixed amount of power. Reducing counter resolution and utilizing a slower system clock proportionally reduces the controller's power, but some fixed power overhead is unavoidable. With variable frequency and voltage operation, however, this power can be significantly reduced to be only a small fixed percentage of the load's power.
B. Variable-Frequency Control
The key to improving efficiency while maintaining loop stability is to allow the internal frequency and voltage of the controller to change while keeping the controller's loop parameters relatively constant. Since these parameters are proportional to the update rate (or loop frequency) of the controller, it must be kept relatively constant (within a factor of two). To accomplish this, a frequency detection circuit is required. In the previous design, the switching frequency was set by the binary ramp wave, generated by a 9-bit synchronous system counter, which was clocked with an external fixed frequency. In a variable-frequency implementation, the system counter is clocked by the variable frequency of the VCO or reference frequency, and the number of bits up to which the counter counts is also variable. A system counter that can count up to a maximum of seven to ten bits, determined by a frequency-detect circuit and a variable-frequency clock, is used. Fig. 10 plots the variable ring-oscillator frequency and resulting loop frequency generated by the counter in order to graphically illustrate frequency shifting. The controller monitors the system counter's input clock frequency and adaptively determines the number of bits up to which the counter needs to count in order to maintain a switching frequency that maximally varies by a factor of two. For example, when the oscillator frequency is half the maximum rate, the counter will only use nine bits, restoring the loop switching frequency to the maximum rate. To further limit the loop parameters' excursions with frequency, the PID blocks' gain coefficients, implemented with shifters and adders, dynamically adjust within this factor-of-two variation in loop frequency. By incorporating these two methods into the controller, a stable configuration for the loop can be achieved. The simulated open-loop frequency response of Fig. 11 verifies stability. The two curves show that even at the extreme ends of the frequency excursion, the loop exhibits sufficient margin for stability. As mentioned in Section III, reducing shifts down the magnitude plots, and the lower bound at 0.65 corresponds to when open-loop magnitude crosses unity gain at a frequency lower than the resonant peak. Fig. 12 presents the resulting behavioral-model simulation of the loop's transient response to step changes in the reference.
Given a variable frequency controller powered off the regulated supply, it is possible to keep the controller's powerconsumption overhead at a fixed percentage of the total power consumed. Components of the controller that operate at the switching frequency can also be powered off the regulated supply as long as the timing requirements of this much slower frequency can be met at the lowest regulated voltage level. Since this controller's power is nominally proportional to , the power consumed should be on the order of 1 mW at 1.5 V and should no longer be the dominant limitation for efficiency due to fixed overhead power observed in the fixed-frequency implementation.
Using a ring-oscillator and counter combination has been the prevalent method for measuring variations in circuit delay performance in the presence of variations in operating condition of digital adaptive voltage-scaling controllers. The ring oscillator and counter, however, exhibit a high activity factor such that power consumption can be considerable. A ring-oscillator and counter pair also requires additional logic to detect the error between the desired and regulated voltage levels. Therefore, other methods of predicting and comparing performance should be considered. Techniques that compare the input and output pulses through a delay chain as described in [19] and [20] may potentially reduce power. Reference [19] has the advantage of utilizing fewer circuit elements and less dynamic power, but requires analog circuit blocks and is not suitable for a fully digital implementation. Reference [20] implements a simple bang-bang control that uses a critical path replica to determine the actual performance of the RISC core. This requires the replica path to accurately represent the worst case delay across all possible data, processing, and operating conditions. To efficiently generate the PWM control signal for the buck converter, [21] describes a clever technique that utilizes a tapped delay line to implement the effective D/A conversion with low power overhead. Total delay through the delay line matches the switching period, and the digital number that corresponds to the pulse width sets the fractional delay through the tapped delay line. A set-reset flip-flop constructs a square wave with the desired duty cycle by using the appropriate tap digitally selected along the delay line. This technique significantly reduces power consumption since it obviates the need for the highly active system counter and comparator operating at high frequencies. The tapped delay line still requires a digital value for the duty cycle, and so this method can be utilized with the rest of the digital controller described thus far. Since reducing power consumption is the key design goal, other digital techniques that further improve converter efficiency are investigated next.
C. Minimizing Switching Losses
Although variable frequency control yields an energyefficient digital controller, overhead associated with the buck converter losses and buffer drivers limits efficiency. Since the optimal sizing for the power transistors of the buck converter depends on the power's being delivered to the load, onchip segmented power transistors have been implemented. Assuming a cubed dependence of load power on voltage, by progressively turning off sections of the power transistor for lower levels of regulated voltage, the transistor width is adaptively set closer to the optimum, and the switched capacitances of the buck converter's power transistors and buffers also adaptively vary. Thus, power consumed by the buck converter is no longer fixed, but decreases for lower levels of regulated voltage and further improves efficiency. As a result, high conversion efficiency is achievable over a dynamic range of voltages.
Maintaining high conversion efficiency is especially challenging for low load current conditions, but additional op- timizations further improve efficiency. The buck converter consumes a minimum energy each cycle set by the energy required to switch the power transistors' gates and parasitic drain capacitances and the resistive losses dissipated to support the average load and ripple filter currents. Under low load conditions, ripple current through the inductor cycles from the filter capacitor back to the supply and dissipates power as it flows through the power transistor switches. This cycling current, however, does not contribute to the overall conversion effort to supply power to the load. Therefore, minimizing this component of energy overhead improves efficiency. Taking advantage of the relative ease with which nonlinear methods can be implemented in digital controllers, a pulse-squashing technique eliminates this cycling current. Additional control logic detects current circulating back to the supplies from the filter capacitor and squashes subsequent pulses to the power transistors until the regulated voltage falls below a specified tolerance. Current polarity through the inductor is detected at the end of each switching period by momentarily turning off both NMOS and PMOS power transistor switches and sensing the drain voltage. Under such low load conditions, the loop enters a nonlinear mode of operation and the buck converter regulates discontinuously. In addition to eliminating losses attributed to the circulating current, the buck converter's switching frequency effectively decreases and reduces the overhead associated with switching the power transistors.
V. MEASUREMENT AND ANALYSIS
A digitally controlled power converter with variablefrequency operation was fabricated in a MOSIS 0.8-m technology. A die photo of the prototype chip is presented in Fig. 13 . The controller was tested with a 15-stage ring oscillator, which oscillates at a peak frequency of 116. is also powered off the regulated voltage, the controller's power tracks the power of the load circuit and is no longer the limiting component of the efficiency, even at low regulated voltage levels-the major limitation in the fixedfrequency implementation. Although this controller's absolute power consumed can be considered high [18] , the intended target of having it track the load's cubic dependence on voltage has been met. Controller power is further reducible by implementing a more power-efficient PWM generator [21] and by running the converter at a slower frequency, but at the cost of slower transient response. The digital controller consumed 12 mW at 3 V with the configuration described above. For comparison, the controller's dynamic power extrapolates down to 4.4 mW at 1.3 V for a converter implemented in a 0.25-m technology and powered off a 2.5-V external supply. Fig. 15 plots the conversion efficiency for a configuration with a load targeted to consume 1 W at 4 V. Variable frequency control demonstrates high conversion efficiency over a wide range of regulated voltages. Improved process technology and other low-power circuit techniques can further reduce the power overhead so that digitally controlled power converters with very high efficiencies are achievable.
High conversion efficiencies demonstrated over a dynamic range of regulated voltages rely, however, on consistent and appreciable load power consumption. Furthermore, due to some fixed overhead power, high conversion efficiency is difficult to guarantee for extremely low-load power conditions. One example is if the load circuit enters sleep mode; it consumes a negligible amount of power. Although discontinuous operation with pulse squashing reduces switching regulator power, the controller dissipates overhead power. Active control periodically supplies packets of charge to compensate for leakage losses and monitors when the circuit comes out of sleep mode. Again, the digital controller's power limits efficiency. To abate this condition, the load's sleepmode signal could trigger the controller to also enter into its own form of sleep mode. Since very low power consumption is anticipated during sleep mode, the filter capacitor discharges slowly and the controller can operate at a slower rate. By waking periodically (one-tenth the normal operating frequency), the controller can sustain the required voltage level but consume significantly less power. Employing these low-power techniques leads to additional power savings and improves light load converter efficiency.
The adaptive power supply's response to voltage and load transients is shown in Figs. 16 and 17 , respectively, which plot data downloaded from a sampling digital oscilloscope (HP54601A). To facilitate voltage-transient measurements, an additional ring oscillator was fabricated on the controller chip, which operates off a separate reference voltage to generate the reference frequency used by the digital controller. A regulated voltage that closely tracks a step change in the desired reference is observed for the tested configuration in Fig. 16 . Since a frequency-shifting boundary exists halfway through the voltage transient, the loop frequency changes across that boundary and results in different loop bandwidths for the falling and rising transitions. Fig. 17 presents the loop's response to load current transients where dotted lines delineate the step changes in the load current between 0 and 100 mA at 4 V. Minimizing the magnitude of the controller's response to load transients is a key design constraint since performance overhead margins incorporated into the model of the load circuit's critical path must account for these worst case voltage deviations.
VI. CONCLUSION To achieve energy-efficient digital circuits operating at the highest speed-power point, a fully digital controller design for adaptive supply-voltage regulation has been described and measured results from test silicon presented. A digital controller that can be embedded within the digital system to which power is being supplied has the advantage of tracking its own power consumption with that of the rest of the system. The first test silicon demonstrated the feasibility of a fully digital implementation, but the efficiency of fixed-frequency operation was limited by fixed overhead power consumption. To achieve high conversion efficiency over a wide range of voltage and power, a variable-frequency controller was designed and fabricated. By dynamically adjusting the switching frequency and gain coefficients to maintain relatively constant loop parameters, a stable loop was achieved. Since the design is fully digital, the variable-frequency controller can also take advantage of the power-savings potential available through adaptive supply regulation. Thus, a digital controller whose power consumption is no longer fixed but nominally tracks that of the load circuit has been demonstrated, and high conversion efficiency over a dynamic range of regulated voltage levels has been achieved. The measured controller's power is nonnegligible, however, and efficiency may degrade for very low-load power usage. To improve efficiency under these conditions, implementing an additional power-saving sleep mode is a viable solution. Other lower power techniques for generating the PWM signal can also further improve efficiency. Therefore, this fully digital technique holds promise as a controller for adaptive supply-voltage regulation in fully digital system applications that present a hostile environment for noise-sensitive analog circuits.
